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Results ( p35S::etr1-1 (Fig. 3c, e ), consistent with earlier findings that in woody tissues pLMX5::etr1-1 2 7 7 exhibits greater insensitivity to ACC than p35S::etr1-1 (Love et al., 2009) . ACC treatments 2 7 8 of wild type trees induced a proportional increase in bands indicative of carbohydrates and a 2 7 9
proportional decrease in bands indicative of aromatics (e.g. lignin), in line with the presence 2 8 0 of a G-layer (Fig. 3b ). The fact that small patches of G-fibers were also occasionally observed for ACC-treated p35S::etr1-1 and pLMX5::etr1-1 as for the wild type ( Fig. 3d, f) , even 2 8 3
though Scores Plots indicated that the chemical differences between ACC and water treatment 2 8 4 in these lines is much weaker than in wild type plants. The ability of ACC to induce G-fibers with a typical cellulose microfibril orientation 2 8 6 distribution was examined by X-ray diffraction according to Rüggeberg et al. (2013) . The S2 2 8 7 cell wall layer in juvenile wood in upright-grown hybrid aspen stems has a typical MFA of 2 8 8
about 5-15° (Bjurhager et al., 2010; Svedström et al., 2012) , whereas G-layers of TW have 2 8 9
very low MFA of about 0-5° (Clair et al., 2011) . Moreover, a bimodal distribution of the 2 9 0 cellulose microfibrils is observed in TW corresponding to the G-layer and the S2-layer, with that spanned the entire xylem area and therefore, the obtained data contain, in the case of MFA of the ACC-treated wild type plants exhibited a bimodal MFA distribution pattern with 2 9 6 maxima at 3° and 29°, indicative of typical G-fibers (Fig. 4) . In contrast, the MFA distribution 2 9 7 was uni-modal in all other samples, indicating absence of G-layers, and yielded MFAs (as 2 9 8 maxima of the distribution) in the range of 4° to 9° for water-treated wild type plants and water-or ACC-treated ethylene-insensitive lines.
To confirm that not only ACC, but also ethylene, can induce G-layer formation, greenhouse-3 0 1 grown trees were exposed to ethylene gas using flow-through cuvettes attached to the stem as the cambium (Fig. 5c, 5g ). From this zone radially outwards, typical ethylene effects were 3 0 6
visible such as decreased vessels occurrence, with only few discontinuous arrangements of G-3 0 7
fibers. However, inwards from this zone of thick-walled fibers, G-fibers were induced. No ACC-treated plants, G-fibers were transiently induced in a distinct ring around the stem, 3 1 1 whereas reduced vessel occurrence was observed throughout the xylem formed after 3 1 2 treatment. Because of the larger sized trees, and therefore the larger xylem area, it was 3 1 3 possible to investigate the effect of ethylene on fibers without G-layers using an X-ray beam 3 1 4
with a smaller diameter. These measurements showed that ethylene treatments induced an 3 1 5
increased MFA in the region where most fibers were devoid of any G-layer (referring to the 3 1 6 position magnified in Fig. 5c ) as compared to control treatments, and that such effects were 3 1 7
drastically reduced or absent in the ethylene insensitive trees (Fig. 6 ). occurrence and increased MFA in S-layers can occur in the absence of G-layers. 
Identification of genes downstream of ethylene signaling in stem tissues
We carried out an RNA sequencing analysis of stem tissues (comprising cortex, phloem, water for 10 h to identify potential targets of ethylene signaling for xylem development. The and water-treated trees in each ethylene-insensitive line, which again is in line with our 3 3 1 previous findings that these lines are strongly but not totally ethylene insensitive. ACC changes, padj≤0.01) (Table S2 ), 105 genes in p35S::etr1-1 stems (Table S3 ) and 60 genes in 3 3 4 pLMX5::etr1-1 stems (Table S4 ). 1316 transcripts of the ACC induced genes (Table S5) were 3 3 5 not significantly induced in the ethylene-insensitive lines (Fig. 7) , and are therefore 3 3 6 considered in the following as target genes of ethylene signaling. Transcripts of 23 genes 3 3 7 (Table S6 ) showed significantly altered abundances in both wild type and ethylene-insensitive lines in response to ACC. The majority of these genes were, however, less induced in the ethylene-insensitive lines compared to the wild type. Therefore these transcripts could still be It has been hypothesized that ACC has a signaling function independent of its signaling were detected in our data, three genes showed similar levels of induction in both ethylene-3 4 7
insensitive lines and wild type trees (<20% difference in fold change between the lines and 3 4 8 wild type). These genes consist of two orthologs of the GA-responsive protein AtGASA1 3 4 9 (Potri.002G022600; Potri.002G022700), and an ortholog of Arabidopsis calcium-dependent 3 5 0 protein kinase 24 (Potri.007G127000) (Table S6 ), which could be a potential regulator of Genes with TF activity, among other categories, were overrepresented within the 1316 target TFs (Table S7) PlantTFDB. Transcripts of 109 TFs were increased and 59 were decreased upon ACC 3 6 0 treatment (Fig. 8 ). The largest category of increased transcripts (22 TFs) was the ERFs. Among these, 21 were also found to be induced two fold or more in response to ethylene transcript abundances, which is in agreement with the notion that ERF expression is expressed but interestingly the majority of those transcripts were repressed upon ACC S11)). Lastly, three out of the seven loci that code for EIN3-like TFs in the Populus genome 3 7 5
showed transcriptional induction upon ACC treatment. This is an unexpected result, as In order to assess crosstalk of ethylene with other hormones during G-layer induction, we expression (Table S9 ). The majority of these 63 genes were associated with auxin (23 genes), pathway are induced as expected (Chang, KN et al., 2013) , e.g. homologs of
PROTEIN 1/2 (EBF1/2). ACC treatment furthermore affected auxin related genes on all 3 9 3 levels of auxin biology (biosynthesis, transport, conjugation and signaling) in woody tissues, 3 9 4
and gibberellin-related genes regulating gibberellin catabolism, anabolism and signaling. Finally, the expression of many genes related to cambial growth and cell wall formation was influenced by ACC treatments ( were found to be differentially regulated by ACC. Cytoskeleton related genes such as two 4 0 0
AtMAP70-5 orthologs that are members of the actin and tubulin gene families as well as first 500bp upstream of the ATG was higher than the number of genes harboring motifs 4 2 8
further away from the start codon (Fig. S12 ). Six ACC-regulated TFs had a GCC-box within 4 2 9
the first 2kb of the promoter, while 42 contained TEIL motifs. (Table 1, Fig. S12 ). TEIL binding sites in their promoter, suggesting that they are directly regulated by 4 3 2 EIN3/EIL1 TFs (Table S11 ). Furthermore, 19 ethylene-regulated CAZymes have a TEIL and a GCC box within the 2kb upstream of the start codon. Among these 24 genes, there were 4 3 5
several pectin modifying genes that were strongly downregulated by ACC, as well as alpha 4 3 6
and beta expansins both upregulated and downregulated. We demonstrated that ethylene signaling induces typical features of TW-G-fibers, including 4 4 0 G-layers ( Fig. 1 and 2) , an altered chemical composition (Fig. 3) and a bimodal orientation suggested that ethylene production is an extracellular process (Pesquet & Tuominen, 2011).
5 3
The ethylene precursor ACC is present in the xylem sap of aspen and its concentrations in the exposure (Fig. 1, Fig. 2 and Fig. 5 ), suggesting that the signaling/sensing conditions for with the respective molecular machinery. and non-G-fibers ( Fig. 4 and Fig. 6 ). In primary cell walls, ethylene signals lead to a SCW. An increase in the S2-layer MFA of G-fibers has been reported previously (Goswami al., 2008; Clair et al., 2011; Rüggeberg et al., 2013) . Even if the present study is not originates from, it can be concluded that ethylene has the capacity to alter the MFA of the 4 7 6
secondary cell wall and that this process leads to opposite results (higher MFA) compared to 4 7 7 the primary wall (lower MFA). Molecular links between ethylene signaling and wood formation 4 8 0
Transcription of numerous TFs is altered in response to ACC, with the largest proportion 4 8 1 being ERFs (Fig. 8) . ERFs present a possible molecular connection between the ethylene 4 8 2 signaling pathway and wood development (Vahala et al., 2013) . Among the five ERFs that observed carbohydrate-rich G-fiber induction through ethylene signaling (Fig. 3) . ERFs are 4 9 0 therefore potential actors for the molecular connection of ethylene signaling to cell wall 4 9 1 formation. Interestingly however, EIN3/EIL1 binding sites were more common than ERF This opposes the idea that ERFs (170 genes in Populus) downstream of EIN3/EIL1 (seven wood development need to be considered to identify the molecular connection between 5 0 0 ethylene signaling and wood formation. Uggla et al., 1998) . In response to ACC, 28 genes related to auxin metabolism, transport and 5 0 8 signaling (incl. TFs) were differentially expressed (Table S9 ). These included three Small 5 0 9
Auxin Up RNAs (SAURs), one potential auxin-conjugation enzyme (GH3), orthologs to the 5 1 0 auxin transporter AtPGP1 and five auxin-related TFs (three ARFs and two Aux/IAA 5 1 1 orthologs). The fact that auxin signaling (the majority of SAURs) as well as auxin in Arabidopsis roots, that ethylene upregulates the transcription of auxin biosynthesis genes 5 1 5 (Stepanova et al., 2005; Stepanova et al., 2008) . However, none of the ethylene-regulated 5 1 6
auxin genes carried a TEIL motif or GCC box in their 2kb promoter, defeating a direct Interestingly, the majority of cell wall related genes that were affected by ACC were 5 2 2
repressed (Table S7 and S10). The fact that many of these contained TEIL motifs in their EIN3/EIL1 usually being reported as an activator of gene expression, this TF has been shown 5 2 5
to be able to function as a repressor, although the mechanism is not well understood (Shi et induced to a certain extent by the upstream secondary cell wall regulator PtWND2B.
3 7
PtMYB055 is highly expressed in stem tissues (phloem/cambium/xylem, (Chai et al., 2014) ), 5 3 8
but as yet, no function has been reported for this MYB. Neither PtWND2A nor PtMYB192 nor 5 3 9
PtMYB055 contain an ethylene motif in their 2kb promoter and are therefore unlikely to be 5 4 0 regulated directly through the ethylene TFs. Ten hour-ACC treatments altered the expression of many cell wall-related genes (Table S10) .
4 4
Many of these genes relate to cell expansion and cell wall modification. Pectin-related genes 5 4 5
were mostly downregulated by ACC, for example the putative polygalacturonases (GH28_6, responses. Ann Bot 105(1) : 1-6. anatomy, and ethylene production of Acer platanoides seedlings. Scand J Forest Res 2(1-4) : 141-156. 
